A simple two-reservoir. model with time-dependent transport coefficients between the reservoirs has been used to mbdel the abundances of K, At, Rb, St, Sm, Nd, U, Th, and Pb and the isotopic compositions of Ar, Sr, Nd, and Pb in the earth's mantle and continental crust. The transport coefficients, like heat production, are considered to decay exponentially with time. Models which involve the whole mantle in generating the continental crust yield S7Sr/SSSr and in3Nd/innNd ratios for the residual mantle which are higher and lower than midocean ridge basalts, respectively. A model which involves only half of the mantle in the production of continental crust produces a residual mantle with isotope ratios similar to those of midocean ridge basalt. The 4øAr/36Ar ratios in the atmosphere and suboceanic mantle are reproduced by this model without any inequality in the upward transport coefficients of K and Ar but with a smaller downward transport coefficient for Ar than for K. The results imply that the earth's crust may have developed by extraction of material from only half of the mantle and constrain the possible convective regimes that have existed in the mantle.
INTRODUCTION
The degree of chemical heterogeneity in any planetary object at the present day is a function of initial heterogeneity imposed by variations in the composition of the accreting material and of effects resulting from the subsequent thermal evolution of the object. The time interval during which thermaBy induced mass transport occurred in different planetary objects varies by more than an order of magnitude. For example, in the case of meteorite parent bodies the time interval was generally of the order of 10 7 or 10 8 years. In contrast, it can be demonstrated that mass transport has occurred in the earth from at least 3.8 Gy ago to the present day simply from the occurrence of volcanic rocks in the continental crust. It is to be anticipated that the most significant thermally induced chemical change to accompany the evolution of a planet will be the concentration of heat-producing elements in the outer portion of the planet, from where heat will be efficiently lost. In the case of the earth the continental crust is the prima facie chemical expression of this phenomenon. The timing and rates of supply of the constituents of the continental crust to the outer portion of the earth thus compose fundamental parameters of the earth's evolution. Some authors have proposed that these constituents have resided in the outermost part of the earth since close to the time of its formation, representing either materials supplied at the last stage of heterogeneous accretion or, alternatively, material efficiently differentiated from the remainder of the earth early in its history.
Others, however, have suggested that the constituents of the crust have been supplied over a substantial portion of earth history such that the continents have grown continuously through time although not necessarily at a constant rate. Resolution of these opposing viewpoints in favor of the latter one has come about as a result of Rb-Sr, U-Pb, and, recently, SmNd isotopic studies of Archaean (>2.5 Gy) rocks. For example, the oldest terrestrial rocks currently known are the Isua supracrustals in West Greenland, which have been precisely dated by U-Pb, Pb-Pb, and Sm-Nd methods at 3.8 Gy 
sitions of these and other early Archaean rocks in West
Greenland clearly demonstrate that they were not derived from preexisting sialic crust [Moorbath et al., 1973; Moorbath, 1975 Richter [1978] consider that convective communication does not occur between the upper and lower mantle. Others, for example, Peltier [1972] and O'Connell [1977] , favor whole mantle convection. These different views of mantle convection have important implications for the generation of the continental crust. The persistence of whole mantle convection throughout a major portion of earth history should be reflected in the comparative compositions of the continental crust and residual mantle. Conversely, if only the upper mantle had been available to supply material to the continental crust and atmosphere, then the bulk composition of the lower mantle would remain unaffected, and the upper mantle would be more depleted in crustal constituents than if the whole mantle had been available. In principle, it is possible to distinguish between these possibilities by modeling the abundances of daughter products of parent isotopes which have half-lives with a similar order of magnitude to the age of the earth. At the present time such models are logically based upon the daughter products of 4øK, 8?Rb, 14?Sm, 232Th, 23•U, and 238U, which are 4øAt, 8?Sr, 143Nd, •ø8pb, •ø?Pb, and •ø6Pb, respectively, because considerable amounts of data on the distribution of these isotopes within the earth are now available.
In this paper a simple model of mantle differentiation is presented and investigated numerically. The models are constrained by the ratios nøAr/36Ar, 87Sr/a6Sr, mNd/'44Nd, 2ø8pb/ •ønPb, •ø7pbflønPb, and •ø6PbflønPb in the crust/atmosphere and the mantle and by the time of formation of continental crust as estimated from geochronological investigations of Archaean rocks. It is envisaged that material transport occurs between a specified volume of mantle and an outer 50-km layer of the solid earth which contains all of the continental and oceanic crust, and, for convenience, the Ar contained in the atmosphere. Models of this general type have been investigated previously to explain the Pb isotope [Russell, 1972 In comparison with previous attempts to model the isotopic evolution of Pb [Russell, 1972; Russell and Birnie, 1974] , Pb and Sr [Armstrong, 1968; Armstrong and Hein, 1973] , and Sr and Nd [Richter and Ribe, 1979 ], the present model differs in some important respects. First, all of the above mentioned models envisage exchange occurring between the mantle and a crustal layer of fixed volume and composition. The implication of this approach is that the crust formed early in earth history by rapid differentiation. This assumption is clearly at variance with geochemical observations. Second, the above models generated an isotopically inhomogeneous upper mantle, whereas the present model generates a single isotopic composition for each of the two reservoirs considered.
BOUNDARY CONDITIONS FOR MODEL
In order to fit the simple model described above to the broad geochemical features of the continental crust and chemical composition of the 50-km layer changes through mantle a number of boundary conditions must be specified. time in response to the preferential transport of heat-produc-Ideally, these should include both the initial and present-day (Table 1) (Table 3 ). The composition of the 50-kin layer (Table 3) Table 2. •-The ao values for each element were adjusted such that the 50-km layer ha.s the present-day composition given in Table 3 , third column.
For model II, % = 2.0 Gy, and rt• = 0.65 Gy.
•:See Table 5 . {}Weight ratios. The results obtained from model I provide an estimate of the present-day heat production in the residual mantle (Table  3) For model II the present transport coefficient for K from the mantle is computed to be only about 20% of its maximum value in the Archaean, and since transport of material to the outer layer is inextricably linked with convection, it is clear that mantle convection has become markedly less efficient as a transporting mechanism since the Archaean. This phenomenon may be a reflection of the overall decrease of heat to be dissipated by mantle convection, both from radioactivity and stored primordial heat, exemplified by the 75% decrease in internal heat production in the depleted mantle since the earliest Archaean. The decreasing heat budget can be expected to result in a decrease in convective velocities [McKenzie and Weiss, 1975] The residual mantle in model II has only 25% of the bulk earth heat production at the present day, and it is shown that its intrinsic heat production cannot account for more than about 10% of the present heat flux from the mantle. Even if the heat is lost from this depleted mantle with a time constant of 2.5 Gy, it will only contribute about 20%.
